Introduction
Insulin resistance (IR) occurs in the majority of patients with type 2 diabetes, and in two-thirds of subjects with impaired glucose tolerance (1) . Both these groups have a significantly higher risk of developing cardiovascular disease (CVD) (2) (3) (4) (5) . In order to isolate the effects of IR from those of hyperglycemia and diabetes, several studies have evaluated subjects with normal glucose tolerance. In nonobese subjects without diabetes, IR predicted the development of CVD independently of other known risk factors (6) . In another group of subjects without diabetes or impaired glucose tolerance, those in the highest quintile of IR had a 2.5-fold increase in CVD risk compared with those in the lowest quintile (7) . These data indicate that IR itself promotes atherogenesis.
IR is commonly associated with a proatherogenic dyslipidemia, which data from Brown, Goldstein, and colleagues suggest results from hyperinsulinemia-induced activation of SREBP-1c transcription in the liver by a mechanism that is not affected by the defects in hepatic PI3K-mediated insulin signaling (8, 9) . Surprisingly, however, in subjects without diabetes or impaired glucose tolerance, after adjustment for 11 known cardiovascular risk factors, including LDL, triglycerides, HDL, systolic blood pressure, and smoking, the most insulin-resistant subjects still had a 2-fold increase in the risk of CVD (7) . This observation suggested to us that a large part of the increased CVD risk due to IR reflects a consequence of IR not previously identified as being proatherogenic.
Since hyperglycemia has been found to cause overproduction of superoxide by the mitochondrial electron transport chain in endothelial cells, which then activates all the known pathways of microvascular damage (10) (11) (12) , and since oxidation of FFAs provides the same electron donors (NADH and the reduced form of flavin adenine dinucleotide, FADH 2 ) to the mitochondrial electron transport chain that oxidation of glucose does, we hypothesized that the increase in FFA flux caused by increased FFA release from adipocytes resistant to insulin's antilipolytic effects (13) would result in increased FFA oxidation in arterial endothelial cells (Figure 1 ). We further hypothesized that the PI3K pathway-specific IR described in aortae from a genetic model of IR (14) would allow further increased FFA oxidation in these cells, since it would significantly block insulin's normal inhibitory effect on fatty acid oxidation (15) . Abnormally increased FFA oxidation in arterial endothelial cells would lead to overproduction of superoxide by the mitochondrial electron transport chain, with resultant activation of a variety of proinflammatory pathways (11, 16) , and inactivation of 2 important antiatherogenic factors, prostacyclin (PGI 2 ) synthase (17, 18) and eNOS (19) (20) (21) (22) (23) . The critical role of these 2 enzymes in atherogenesis has been recently demonstrated using gene knockout models: apoE -/-prostacyclin receptor -/-mice showed significant acceleration of atherosclerosis compared with apoE -/-alone (24) , and apoE -/-eNOS -/-mice also showed accelerated atherosclerosis compared with apoE -/-alone (23) . In humans, reduced NO production by eNOS is a significant risk factor for CVD as well (25, 26) .
To test this hypothesis, we first examined the effects of FFA on ROS production in arterial endothelial cells cultured in 5 mM glucose without added insulin and with insulin in the presence of a PI3K inhibitor, to model IR. We next investigated the mechanism by which FFA induces overproduction of ROS in these cells using inhibitors of carnitine palmitoyltransferase I (CPT-I), mitochondrial electron transport chain generation of superoxide, and superoxide accumulation.
Hyperglycemia-induced superoxide production inhibits GAPDH activity by causing ADP-ribosylation of the enzyme (12) . This decrease in GAPDH activity activates multiple pathways implicated in diabetic vascular damage (12) . For example, GAPDH inhibition-induced PKC activation leads to activation of a variety of proinflammatory processes (11) , and a GAPDH inhibition-induced increase in advanced glycation end product (AGE) formation induces VCAM-1 expression, a marker of the early stages of atherosclerosis (16) . Therefore, we next examined the effect of FFA-induced ROS on GAPDH activity and subsequently on each of these damaging pathways. The effects of FFA-induced ROS on the activity of 2 critical antiatherogenic enzymes - PGI 2 synthase and eNOS - were then investigated in cultured arterial endothelial cells. PGI 2 synthase activity was assessed in vivo after fatty acid infusion in rats. Finally, the in vivo effects of FFA-induced ROS on aortic PGI 2 synthase activity and eNOS were evaluated in 2 different animal models of IR - the obese Zucker rat (fa/fa rat; homozygous for the mutant allele) (27) , and the high-fat diet-induced insulin-resistant mouse (28, 29) .
Results

Effect of FFAs on ROS production in arterial cells cultured in 5 mM glucose without insulin.
As a cell culture model of IR, bovine aortic endothelial cells (BAECs) in 5 mM glucose without added insulin were incubated with different concentrations of oleic acid (Figure 2 ). Lower physiologic concentrations of oleic acid had no effect on ROS production ( Figure 2A, bars 2 and 3) . In contrast, incubation with higher physiologic concentrations of oleic acid similar to those found in insulin-resistant subjects increased ROS production in cells cultured in 5 mM glucose severalfold compared with cells cultured in 5 mM glucose alone, from 38 ± 1 nmol/ml ( Figure 2A, bar 1 ) to 100 ± 8 nmol/ml for 800 μM oleic acid (Figure 2A , bar 4). Addition of insulin completely prevented increases in ROS production by 800 μM oleic acid ( Figure 2A , bar 5), an effect that was reversed by addition of the PI3K inhibitor wortmannin ( Figure 2A , bar 6). In these experiments, we used 1,000 μM of fatty acid-free albumin, a concentration somewhat higher than the normal range (530-833 μM), to ensure that the FFA fraction (the fraction unbound to albumin) would be similar to that found in insulin-resistant humans. In a separate experiment (data not shown), we found that reducing the concentration of fatty acid-free albumin while keeping the oleic acid concentration constant increased ROS production proportionally. This shows that the concentration of free, rather than total, fatty acids determines ROS production in aortic endothelial cells. Unlike hyperglycemia, which increases ROS production in both macrovascular and microvascular endothelial cells (10) , FFA had no effect on ROS production by retinal microvascular endothelial cells ( Figure 2B ). At 30 mM glucose, exposure to 800 μM oleic acid caused a reduction of glucose flux through the tricarboxylic acid (TCA) cycle by 40%. However, this was still 3.7-fold higher than glucose flux at 5 mM (data not shown).
Effect of CPT-I inhibition, uncoupling protein 1, and manganese superoxide dismutase on FFA-induced ROS production. To test our hypothesis that FFAs increase arterial endothelial cell ROS production by pro- viding increased electron donors (NADH and FADH 2 ) to the mitochondrial electron transport chain, the same mechanism previously shown to underlie hyperglycemia-induced ROS production (10), we first inhibited CPT-I with tetradecylglycidate (TDGA). Inhibition of this mitochondrial membrane enzyme, which catalyzes the rate-limiting step of fatty acid oxidation, completely inhibited FFA-induced ROS production by arterial endothelial cells cultured in 5 mM glucose ( Figure 3 ). Eight hundred micromolar oleic acid increased ROS production 3-fold, from 39 ± 1 nmol/ml ( Figure 3 , bar 1) to 119 ± 2 nmol/ml ( Figure 3, bar 2) . However, when CPT-I was inhibited, the same concentration of oleic acid had no effect ( Figure 3, bar 3 ). This shows that FFA-induced ROS production requires fatty acid oxidation. FFA-induced ROS production was similarly prevented in cells exposed to 800 μM oleic acid by overexpression of either uncoupling protein 1 (UCP-1) (Figure 3 , bar 5), a specific protein uncoupler of oxidative phosphorylation capable of collapsing the proton electrochemical gradient that drives superoxide production (10), or manganese superoxide dismutase (MnSOD) (11), the mitochondrial isoform of this enzyme ( Figure 3 , bar 6). These data show that the mitochondrial electron transport chain is the source of FFA-induced ROS production, and that the initial ROS formed is superoxide.
Effect of FFA-induced ROS production on GAPDH activity, PKC activity, hexosamine pathway activity, and AGE formation. Since hyperglycemia-induced overproduction of superoxide by the mitochondrial electron transport chain has previously been shown to activate 3 major pathways of hyperglycemic damage in endothelial cells by inhibition of GAPDH activity (12), we next examined the effect of FFA-induced ROS production on these same parameters. Like hyperglycemia (12) , 800 μM oleic acid decreased GAPDH activity by about 60% ( Figure Effect of FFA-induced ROS production on PGI 2 synthase activity in aortic endothelial cells. PGI 2 , produced mainly in endothelial cells, is, like eNOS-derived NO, an endogenous inhibitor of platelet aggregation and SMC proliferation. It is also a potent vasodilator (18) . Since hyperglycemia inactivates PGI 2 in aortic endothelial cells by reactive oxygen-mediated tyrosine nitration (17), we next examined the effects of FFA-induced ROS on both PGI 2 synthase activity and PGI 2 synthase tyrosine nitration. In cells cultured in 5 mM glucose, 800 μM oleic acid decreased PGI 2 synthase activity by 95% ( Figure 5A , bar 2). PGI 2 protein levels did not change in the presence of oleic acid (data not shown). This inhibition was completely prevented by CPT-I
Figure 3
Effect of CPT-I inhibition, UCP-1, and MnSOD on FFA-induced ROS production. Cells were incubated in 5 mM glucose alone or in 5 mM glucose plus either oleic acid alone or oleic acid plus either tetradecylglycidate (TDGA), adenoviral vectors expressing uncoupling protein 1 (UCP-1), or adenoviral vectors expressing manganese superoxide dismutase (MnSOD). Each bar represents the mean plus SEM of 4 separate experiments, each with n = 8. *P < 0.01 compared with cells incubated in 5 mM glucose alone.
Figure 4
Effect of FFA-induced ROS production on GAPDH activity, PKC activity, and hexosamine pathway activity. Cells were incubated in 5 mM glucose alone or in 5 mM glucose plus either oleic acid alone or oleic acid plus TDGA or adenoviral vectors expressing UCP-1 or MnSOD. Effect of FFA-induced ROS production on eNOS activity in aortic endothelial cells. NO production by eNOS is a critical antiatherogenic defense, mediating vasodilation, inhibition of platelet activation, monocyte and leukocyte adhesion, and SMC proliferation, and inhibition of atherosclerosis in the apoE knockout mouse (23) . eNOS activity is suppressed in diabetes and IR (31, 32) . Three mechanisms have been implicated, each of which is either a downstream consequence or a direct consequence of increased ROS production, including PKC activation (19) , hexosamine pathway activation (20) , and oxidative uncoupling of the eNOS dimer (21, 22) . Since FFA-induced ROS production increases ROS production, PKC activity, and hexosamine pathway activity in aortic endothelial cells, we next examined the effect of FFA-induced ROS production on eNOS activity. In cells cultured in 5 mM glucose, 800 μM oleic acid decreased eNOS activity by about 60% ( Figure 6 , bar 2). eNOS protein levels did not change in the presence of oleic acid (data not shown). The inhibition was completely prevented by CPT-I inhibition ( Figure 6 , bar 3), and by overexpression of either UCP-1 or MnSOD ( Figure 6 , bars 5 and 6).
Effect of FFA infusion on PGI 2 synthase activity in rat aorta. Liposyn infusion caused FFA concentrations to rise rapidly to a steadystate level of 2.275 ± 0.176 mM, compared with a basal level of 0.379 ± 0.034 mM. There was no change in glucose or insulin concentrations during the Liposyn infusion. This in vivo exposure of aortic endothelial cells to elevated FFA concentrations had a dramatic effect on PGI 2 synthase activity, however, reducing it in the aorta by 95% (Figure 7) .
Effect of FFA-induced ROS production on PGI 2 synthase activity in fa/fa rat aortae. In order to evaluate our hypothesis in vivo, we chose the fa/fa rat as a model. These rats develop severe, earlyonset obesity associated with IR, hyperinsulinemia, and hyperleptinemia (27, 33) . However, they maintain normal glucose tolerance (34) . In addition, it has been shown that these animals have a PI3K pathway-specific IR in their arteries (14) . There was no difference in fasting blood glucose levels between fa/fa rats (120 ± 5 mg/dl) and lean controls (FA/fa [rats heterozygous for the mutant allele] or FA/FA [rats homozygous for the nonmutant allele]) (121 ± 4 mg/dl), nor in glycated hemoglobin levels (5.5% versus 5.4%). In aortae of fa/fa rats ( Figure 8A , bar 2), PGI 2 synthase activity was reduced by more than 95% compared with PGI 2 synthase activity in aortae from lean controls ( Figure 8A , bar 1); this was similar to what was observed previously in cultured aortic endothelial cells. Administration of the superoxide dismutase (SOD) mimetic manganese (III) tetrakis(4-benzoic acid) porphyrin (MnTBAP) for 1 week normalized PGI 2 synthase activity in aortae of fa/fa rats ( Figure 8A, bar 3) , indicating that superoxide overproduction was responsible for the observed inhibition of aortic PGI 2 synthase activity. To evaluate the role of increased fatty acid flux in the generation of excessive ROS, fa/fa rats were also treated with the antilipolytic agent nicotinic acid (NA), which decreases fatty acid release from adipose cells. NA treatment also completely normalized PGI 2 synthase activity in aortae of fa/fa rats ( Figure 8A , bar 4), suggesting that increased fatty acid flux due to IR was the source of the increased ROS that had inhibited the enzyme. However, since NA also causes changes in various lipoprotein fractions (35) , another group of fa/fa rats were treated with etomoxir, an inhibitor of the ratelimiting enzyme for long-chain fatty acid oxidation, CPT-I (36). 
Figure 6
Effect of FFA-induced ROS production on eNOS activity in aortic endothelial cells. Cells were incubated in 5 mM glucose alone or in 5 mM glucose plus either oleic acid alone or oleic acid plus TDGA or adenoviral vectors expressing UCP-1 or MnSOD. Each bar represents the mean plus SEM of 3 separate experiments, each with n = 4. *P < 0.01 compared with cells incubated in 5 mM glucose alone.
Inhibition of CPT-I restored PGI 2 synthase activity in aortae of fa/fa rats to a level that was not significantly different from control ( Figure 8A , bar 5), an effect identical to that observed with CPT-I inhibition in cultured aortic endothelial cells.
Effect of FFA-induced ROS production on PGI 2 synthase activity in aortae of high-fat diet-induced insulin-resistant mice. In order to exclude the effects of variables other than IR in the fa/fa rat model, these experiments were repeated in a different model of IR, the high-fat diet-induced mouse model. In addition to being a different species, this model does not have the potentially confounding variable of the fa/fa mutation in the leptin receptor. As shown in Figure 8B , the effects of FFA-induced ROS production on PGI 2 synthase activity in aortae of these insulin-resistant mice were identical to those observed in the fa/fa rats. PGI 2 synthase activity was reduced by more than 95% ( Figure 8B , bar 2), compared with PGI 2 synthase activity in aortae from standard-diet controls ( Figure 8B, bar 1) . Administration of MnTBAP for 1 week normalized PGI 2 synthase activity in aortae of high-fat diet-induced insulin-resistant mice ( Figure 8B , bar 3), indicating that superoxide overproduction was responsible for the observed inhibition of aortic PGI 2 synthase activity. To evaluate the role of increased fatty acid flux in the generation of excessive ROS, high-fat diet-induced insulin-resistant mice were also treated with the antilipolytic agent NA, which decreases fatty acid release from adipose cells. NA treatment also completely normalized PGI 2 synthase activity in aortae of these insulin-resistant mice ( Figure 8B, bar 4) , suggesting that increased fatty acid flux due to IR was the source of the increased ROS that had inhibited the enzyme. However, since NA also causes changes in various lipoprotein fractions (35) , another group of high-fat diet-induced insulin-resistant mice were treated with etomoxir, an inhibitor of the rate-limiting enzyme for long-chain fatty acid oxidation, CPT-I (36). Inhibition of CPT-I restored PGI 2 synthase activity in aortae of the insulin-resistant mice to a level that was not significantly different from control ( Figure 8B, bar 5) .
Effect of FFA-induced ROS production on eNOS activity in fa/fa rat aortae. Identical experiments to those described above were performed to determine the effect of FFA-induced ROS production on eNOS activity. eNOS activity in aortae of fa/fa rats ( Figure 9A , bar 2) was reduced 78% compared with eNOS activity in aortae from lean controls ( Figure 9A, bar 1) . Administration of MnTBAP for 1 week normalized eNOS activity in aortae of fa/fa rats ( Figure 9A , bar 3), indicating that superoxide overproduction was responsible for the observed inhibition of aortic eNOS. To evaluate the role of increased fatty acid flux in the generation of excess ROS, fa/fa rats were also treated with the antilipolytic agent NA, which decreases fatty acid release from adipose cells. NA treatment also completely normalized eNOS activity in aortae of fa/fa rats ( Figure 9B , bar 4), suggesting that increased fatty acid flux due to IR was the source of the increased ROS that inhibited the enzyme. However, since NA also causes changes in various lipoprotein fractions (35) , another group of fa/fa rats were treated with etomoxir, an inhibitor of the rate-limiting enzyme for long-chain fatty acid oxidation, CPT-I (36). Inhibition of CPT-I restored eNOS activity in aortae of fa/fa rats to a level that was not significantly different from control ( Figure 9A, bar 5) , an effect identical to that observed with CPT-I inhibition in cultured aortic endothelial cells. In some cell types, etomoxir activates PPARα (37), which can lead to increased eNOS transcription (38) . Therefore, we determined protein levels of eNOS to confirm that effects measured in vivo were not an effect of etomoxir on eNOS expression. Our Western blot data (data not shown) showed no change in protein levels for eNOS protein and thus do not support a role for etomoxir-induced PPARα activation in our cells. Figure 9B , the effects of FFA-induced ROS production on eNOS activity
Effect of FFA-induced ROS production on eNOS activity in aortae of high-fat diet-induced insulin-resistant mice. As shown in
Figure 7
Effect of FFA infusion on PGI2 synthase activity in rat aorta. Enzyme activity was determined in control and FFA-infused rats. Each bar represents the mean plus SEM of 4 rats per group. *P < 0.01 compared with controls.
Figure 8
Effect of inhibitors of lipolysis, CPT-1, and ROS on arterial PGI2 inactivation in 2 animal models of insulin resistance. (A) Effect of FFA-induced ROS production on PGI2 synthase activity in insulin-resistant fa/fa rat aortae. Enzyme activity was determined in lean controls (FA/fa), fa/fa rats, and fa/fa rats treated with the SOD mimetic MnTBAP, the antilipolytic agent NA, or the CPT-I inhibitor etomoxir. Each bar represents the mean plus SEM of 6 rats per group. *P < 0.01 compared with lean controls. (B) Effect of FFA-induced ROS production on PGI2 synthase activity in high-fat diet-induced insulin-resistant mouse aortae. Enzyme activity was determined in standard-diet controls, high-fat diet-induced insulin-resistant mice, and high-fat diet-induced insulin-resistant mice treated with the SOD mimetic MnTBAP, the antilipolytic agent NA, or the CPT-I inhibitor etomoxir. Each bar represents the mean plus SEM of 6 mice per group. *P < 0.01 compared with controls.
in aortae of these insulin-resistant mice were identical to those observed in the fa/fa rats. eNOS activity was reduced by 47% ( Figure 9B , bar 2), compared with eNOS activity in aortae from standard-diet controls ( Figure 9B, bar 1) . Administration of the SOD mimetic MnTBAP for 1 week normalized eNOS activity in aortae of high-fat diet-induced insulin-resistant mice ( Figure 9B, bar 3) , indicating that superoxide overproduction was responsible for the observed inhibition of aortic eNOS activity. To evaluate the role of increased fatty acid flux in the generation of excessive ROS, high-fat diet-induced insulinresistant mice were also treated with the antilipolytic agent NA, which decreases fatty acid release from adipose cells. NA treatment also completely normalized eNOS synthase activity in aortae of these insulin-resistant mice ( Figure 9B, bar 4) , suggesting that increased fatty acid flux due to IR was the source of the increased ROS that had inhibited the enzyme. However, since NA also causes changes in various lipoprotein fractions (35) , another group of high-fat diet-induced insulin-resistant mice were treated with etomoxir, an inhibitor of the rate-limiting enzyme for long-chain fatty acid oxidation, CPT-I (36). Inhibition of CPT-I restored eNOS activity in aortae of the insulin-resistant mice to a level that was not significantly different from control ( Figure 9B, bar 5) .
Discussion
In this report, we show that levels of FFA commonly seen in people with IR cause increased production of superoxide in arterial endothelial cells cultured in 5 mM glucose without insulin, by providing increased electron donors (NADH and FADH 2 ) to the mitochondrial electron transport chain. The metabolic pathways we studied in our arterial endothelial cell model are regulated by insulin signaling under physiologic conditions. Therefore, in our cell culture experiments, we used a lack of insulin as a model for IR in these cells. Although several studies have claimed that fatty acids increase ROS production (39, 40) , the albumin concentrations used to bind the fatty acids were so low that the relevance of these observations to fatty acid metabolism in human disease is uncertain. In our experiments, we used 1,000 μM of fatty acid-free albumin, a concentration somewhat higher than the normal range (530-833 μM), to ensure that the FFA fraction (the fraction unbound to albumin) would be similar to that found in insulin-resistant humans. The FFA-induced overproduction of superoxide activates a variety of proinflammatory signals previously implicated in hyperglycemia-induced vascular damage and inactivates 2 critically important antiatherogenic enzymes, PGI 2 synthase and eNOS (23, 24) .
It has been reported that atherosclerosis is accelerated in transgenic mice overexpressing eNOS, in association with increased oxidative stress (41) . These results, however, are consistent with our hypothesis that increased superoxide formation promotes vascular damage. It is well documented that when levels of substrate (arginine) and/or cofactor (tetrahydrobiopterin) needed for NO synthesis are insufficient relative to the amount of eNOS protein, eNOS becomes uncoupled and produces superoxide, rather than NO (42) . This appears to be the case in these transgenic mice.
Our animal models, like other animal models and indeed humans, require the presence of significant hypercholesterolemia in order to develop atherosclerotic lesions (43) . Only with significant hypercholesterolemia caused by genetic and dietary manipulations do any established atherosclerosis risk factors lead to arterial lesions. We did not cross our animal models of IR with animals having genetic mutations causing the dyslipidemia necessary to produce atherosclerosis. However, when knockout mice with reduced PGI 2 synthase activity or reduced eNOS activity, similar to that observed in our insulin-resistant models, were crossed with mice that do have genetic mutations (apoE-null) that cause dyslipidemia, they both developed significantly worse atherosclerosis (23) .
Finally, in our study, infusion of FFA dramatically inhibited aortic PGI 2 synthase activity in nondiabetic rats. In 2 widely accepted nondiabetic rodent models of IR, the fa/fa rat and the high-fat dietinduced insulin-resistant mouse, inactivation of PGI 2 synthase and eNOS was prevented by inhibition of FFA release from adipose tissue; by inhibition of the rate-limiting enzyme for fatty acid oxidation in mitochondria, CPT-I; and by reduction of superoxide levels.
Consistent with these data, short-term FFA infusions significantly reduce eNOS-dependent vasodilation in lean, normal, insulin-sensitive human subjects (44) . FFAs have also been shown to induce IR in nondiabetic subjects (45) , and IR is known to increase FFA release from adipocytes. These data suggest that a positive feed-forward cycle, between increased FFA flux and IR, may sustain or even augment FFA-induced vascular endothelial dysfunction.
In both animal models used in our studies, increased FFA flux is thought to play a major role in the development of IR (46) .
Figure 9
Effect of inhibitors of lipolysis, CPT-1, and ROS on arterial eNOS inactivation in 2 animal models of insulin resistance. (A) Effect of FFAinduced ROS production on eNOS activity in insulin-resistant fa/fa rat aortae. Enzyme activity was determined in lean controls (FA/fa), fa/fa rats, and fa/fa rats treated with the SOD mimetic MnTBAP, the antilipolytic agent NA, or the CPT-I inhibitor etomoxir. Each bar represents the mean plus SEM of 6 rats per group. *P < 0.01 compared with lean controls. (B) Effect of FFA-induced ROS production on eNOS activity in high-fat diet-induced insulin-resistant mouse aortae. Enzyme activity was determined in standard-diet controls, high-fat diet-induced insulin-resistant mice, and high-fat diet-induced insulin-resistant mice treated with the SOD mimetic MnTBAP, the antilipolytic agent NA, or the CPT-I inhibitor etomoxir. Each bar represents the mean plus SEM of 6 mice per group. *P < 0.01 compared with controls.
However, it is likely that alterations in non-fatty acid adipocyte secretory products such as adiponectin, resistin, TNF-α, and retinol-binding protein 4 play a role as well (47, 48) . Furthermore, IR and obesity are accompanied by high levels of circulating leptin. Leptin induces increased ROS production in aortic endothelial cells, by inducing increased fatty acid oxidation through stimulation of CPT-I and inhibition of acetyl-CoA carboxylase (49) . Besides this induction of increased ROS production, leptin has also been shown to exert other proinflammatory actions (50) . Therefore, in order to separate the leptin-induced proinflammatory effects from those potentially induced by IR, we chose one of our animal models of IR, the fa/fa rat, to be a model with leptin deficiency. The fa/fa rat carries a loss-of-function mutation in the leptin receptor, a single-nucleotide substitution that results in an amino acid change from glutamine to proline at codon 269 in the extracellular domain of the leptin receptor, which impairs leptin signaling through JAK2 and STAT3 (51) . Since activated JAK2 phosphorylates insulin receptor substrate (IRS) proteins, which subsequently recruit PI3K and downstream mediators of insulin action in adipocytes, impaired adipocyte insulin signaling increases FFA release in this model. The increased FFA flux induces IR by increasing intracellular accumulation of fatty acid metabolites such as diacylglycerol, fatty acyl-CoA, and ceramides, which desensitize insulin signaling by increasing IRS serine/threonine phosphorylation, and also by activating S6 kinase 1, an effector of the mammalian target of rapamycin (mTOR) (52) (53) (54) (55) .
In the high-fat diet-induced insulin-resistant mouse, excess dietary fatty acids and glucose are thought to cause desensitization of insulin signaling through increased IRS1 serine/threonine phosphorylation by these same mechanisms.
Although the focus of the present study is on the proatherogenic effects of IR in nondiabetic animals, the further increase in CVD in patients with IR plus diabetes (56-58) raises the question of metabolic interactions between fatty acids and glucose in arterial endothelial cells (54) . The concentrations of fatty acid used in the experiments (800 μM) caused a reduction in glucose flux through the TCA cycle of 40% at 30 mM glucose. However, this was still 3.7-fold higher than glucose flux at 5 mM glucose. What about the effect of increased glucose oxidation on the rate of fatty acid oxidation by arterial endothelial cells? Normally, glucose oxidation inhibits both lipolysis and fatty acid oxidation. Both of these effects are mediated predominantly by insulin (59) . In adipocytes, insulin-stimulated glycolysis increases the availability of glycerol phosphate, the rate-limiting metabolite for FFA reesterification. In tissues oxidizing both glucose and fatty acids, increased insulin concentrations in response to glucose inhibit long-chain fatty acid entrance into the mitochondria by increasing malonyl-CoA formation, which inhibits CPT-I activity.
However, since hyperglycemia impairs activation of the IR/IRS/PI3K pathway in both adipocytes (60) and human arterial endothelial cells (61) , the inhibitory effects of hyperglycemia on both the rate of FFA release by adipocytes and the rate of FFA oxidation by arterial endothelial cells are likely to be considerably reduced. It seems probable, therefore, that the effects of IR and hyperglycemia on arterial endothelial cells are additive, since oxidation of both FFA and glucose causes overproduction of superoxide by the mitochondrial electron transport chain in these cells (10, 12) .
Our studies on the effect of FFAs were performed using oleic acid. The fatty acids found in the human circulation are mainly palmitic acid, oleic acid, and stearic acid. It has been suggested that the toxic effects of palmitic acid differ from those of oleic (62) . Therefore, we also tested palmitic acid in our BAEC model of IR. ROS production in response to palmitic acid exposure increased in a dose-responsive manner as well (data not shown).
While hyperglycemia increases overproduction of superoxide by the mitochondrial electron transport chain in both arterial endothelial cells and retinal microvascular endothelial cells, it was surprising to find that FFA increases superoxide production only in arterial endothelial cells. It is known from global expression profiling studies that pervasive differences in gene expression patterns distinguish macrovascular from microvascular endothelial cells (63) . Regardless of which differences account for the differential effects of FFA on these 2 endothelial cell types, our finding is consistent with the lack of diabetic microvascular complications in people with significant IR but normal glucose tolerance.
In summary, our studies identify what we believe to be a novel mechanism contributing to the accelerated atherogenesis and increased CVD risk occurring in people with IR, independent of other known cardiovascular risk factors: increased fatty acid oxidation-induced superoxide production by arterial endothelial cells. Our finding that inhibitors of lipolysis, inhibitors of CPT-I, and SOD mimetics can each prevent proatherogenic changes induced by IR in arterial endothelium in vivo suggests novel pharmacologic approaches for reducing CVD in patients with IR.
Methods
Materials. MEM, nonessential amino acids, and antibiotics were from
Invitrogen Corp. FBS was from HyClone. MnTBAP was from Calbiochem. Protein A-Sepharose was from Amersham Pharmacia Biotech. Oleic acid, pure fatty acid-free albumin, and NA were from Sigma-Aldrich; CM-H2D-CFDA was from Invitrogen Corp. TDGA was a gift from Manuel Guzman (Complutense University, Madrid, Spain). Six-keto-PGF-1α kits were obtained from Assay Designs. Nitrotyrosine antibody was obtained from Upstate. ALZET pumps were obtained from DURECT Corp. FFA kits were purchased from Wako Pure Chemicals Industries Ltd.
Cell culture conditions. As a cell culture model of IR, confluent BAECs (passages 4-10) were maintained in MEM containing 0.4% FBS, essential and nonessential amino acids, and antibiotics, without added insulin except where indicated. Cells were incubated with either 5 mM glucose; 5 mM glucose plus 1 mM albumin plus 200-800 μM oleic acid; or 5 mM glucose plus 1 mM albumin plus 800 μM oleic acid plus 3 nM insulin, with and without pretreatment with 100 nM wortmannin for 30 minutes. In subsequent experiments, cells were incubated in 5 mM glucose plus 1 mM albumin plus 800 μM oleic acid plus TDGA, or they were infected with UCP-1 adenovirus, MnSOD adenovirus, or control adenovirus 48 hours before addition of 1 mM albumin plus 800 μM oleic acid-containing medium. Cells were incubated for 6 hours before determination of ROS, 72 hours before determination of PKC activity, 48 hours before determination of hexosamine pathway activity, and 24 hours before determination of GAPDH, PGI2, and eNOS activity. Bovine retinal endothelial cells (BRECs) were obtained from VEC Technologies Inc. BRECs were plated on fibronectin-coated plates and maintained in MCDB-131 complete media provided by the company.
Adenoviral vectors. Rat UCP-1 sense and antisense cDNAs were provided by D. Ricquier (CNRS-Unité Propre 1511, Meudon, France), and human MnSOD cDNA was provided by L. Oberley (University of Iowa College of Medicine, Iowa City, Iowa, USA). The cDNAs were cloned into the shuttle vector pAd5CMVK-NpA, and adenoviral vectors were prepared by the Gene Transfer Vector Core at the University of Iowa. Cells were infected at an MOI of 500 for 2 hours.
